The supramolecular cargo procollagen is loaded into coat protein complex II (COPII)-coated carriers at endoplasmic reticulum (ER) exit sites by the receptor molecule TANGO1/cTAGE5. Electron microscopy studies have identified a tubular carrier of suitable dimensions that is molded by a distinctive helical array of the COPII inner coat protein Sec23/24•Sar1; the helical arrangement is absent from canonical COPII-coated small vesicles. In this study, we combined X-ray crystallographic and biochemical analysis to characterize the association of TANGO1/cTAGE5 with COPII proteins. The affinity for Sec23 is concentrated in the proline-rich domains (PRDs) of TANGO1 and cTAGE5, but Sec23 recognizes merely a PPP motif. The PRDs contain repeated PPP motifs separated by proline-rich linkers, so a single TANGO1/cTAGE5 receptor can bind multiple copies of coat protein in a close-packed array. We propose that TANGO1/cTAGE5 promotes the accretion of inner coat proteins to the helical lattice. Furthermore, we show that PPP motifs in the outer coat protein Sec31 also bind to Sec23, suggesting that stepwise COPII coat assembly will ultimately displace TANGO1/cTAGE5 and compartmentalize its operation to the base of the growing COPII tubule.
The supramolecular cargo procollagen is loaded into coat protein complex II (COPII)-coated carriers at endoplasmic reticulum (ER) exit sites by the receptor molecule TANGO1/cTAGE5. Electron microscopy studies have identified a tubular carrier of suitable dimensions that is molded by a distinctive helical array of the COPII inner coat protein Sec23/24•Sar1; the helical arrangement is absent from canonical COPII-coated small vesicles. In this study, we combined X-ray crystallographic and biochemical analysis to characterize the association of TANGO1/cTAGE5 with COPII proteins. The affinity for Sec23 is concentrated in the proline-rich domains (PRDs) of TANGO1 and cTAGE5, but Sec23 recognizes merely a PPP motif. The PRDs contain repeated PPP motifs separated by proline-rich linkers, so a single TANGO1/cTAGE5 receptor can bind multiple copies of coat protein in a close-packed array. We propose that TANGO1/cTAGE5 promotes the accretion of inner coat proteins to the helical lattice. Furthermore, we show that PPP motifs in the outer coat protein Sec31 also bind to Sec23, suggesting that stepwise COPII coat assembly will ultimately displace TANGO1/cTAGE5 and compartmentalize its operation to the base of the growing COPII tubule.
vesicle traffic | coat protein | procollagen T he coat protein complex II (COPII)-coated vesicles transport secretory and plasma membrane proteins from the endoplasmic reticulum (ER). COPII vesicle budding involves a stepwise assembly reaction: Membrane-bound Sar1-GTP recruits Sec23/24 to form the inner coat complex that, in turn, recruits the Sec13/31 outer coat protein (1) . Sec13/31 self-assembles into a polyhedron, and in the process, it sculpts the ER membrane into a bud, producing a COPII-coated vesicle with a diameter of ∼60 nm (2) (3) (4) .
Small cargo molecules are captured during the budding reaction through mechanisms that are well established (5) . However, the formation of canonical 60-nm COPII vesicles cannot explain the packaging of large cargos, such as the procollagen fibril with a length of 300-400 nm. Procollagen follows the conventional route of secretion taken by other extracellular proteins, and its ER export evidently depends on COPII carriers because mutations in genes encoding COPII proteins result in collagen secretion blockade, impaired extracellular matrix deposition, and abnormal craniofacial development (6) (7) (8) . A key discovery was the identification of the receptor TANGO1 and its coreceptor cTAGE5 as ER-localized machinery for loading procollagen into COPII carriers (9, 10) . TANGO1 has a luminal SH3 domain shown to interact with collagen VII and a cytosolic domain that interacts with Sec23/24. Both TANGO1 and cTAGE5 are required for collagen export from the ER (9, 10). The TANGO1 knockout mouse has generalized defects in extracellular matrix formation, owing to a block in ER export of multiple collagen types (11) .
Recent research has implicated post-ER membranes in TANGO1-mediated carrier formation (12, 13) ; however, the mechanism of action of TANGO1/cTAGE5 in procollagen export remains unclear. The possibility that it acts as a receptor linking luminal procollagen cargo to cytosolic COPII is challenged by the observation that TANGO1 does not depart in the COPII carrier (9) . Alternatively, TANGO1/cTAGE5 might constitute machinery that switches COPII coat assembly from small spherical vesicles to large carriers, but such a mechanism has not been explored to date. Important in this respect is the observation of tubular COPII carriers with dimensions commensurate with procollagen cargo; such tubules form, along with small vesicles, in budding reactions in vivo and in vitro (14) (15) (16) . COPII-coated tubules are observed as straight-sided tubes (17) , or with a beads-ona-string appearance in which regular constrictions may arise from aborted attempts at membrane fission (14, 16) . Whereas vesicles contain a Sec23/24 inner coat and a self-assembled Sec13/31 cage with isometric (cubic) symmetry, tubules are coated with a distinctive, close-packed Sec23/24 helical lattice and a rhomboidal Sec13/31 cage (17) . The realization that COPII coat proteins can form two distinct and mutually incompatible lattices suggests the hypothesis that COPII carrier formation involves two self-assembly reactions that compete to determine the shape of the COPII carrier-either the isometric small vesicle or the helical tubulewith the outcome of budding influenced by regulatory proteins that promote one or other lattice.
In this study, we have characterized the interaction of TANGO1/ cTAGE5 with COPII proteins. We report that TANGO1/cTAGE5 binds to the inner coat protein Sec23 via a simple PPP motif. The flexible cytosolic regions of TANGO1 and cTAGE5 molecules contain repeated PPP motifs separated by proline-rich linkers, so a single TANGO1/cTAGE5 receptor can bind multiple copies of coat protein in a close-packed array. From these results, we propose a mechanism for TANGO1/cTAGE5-assisted assembly of large COPII carriers.
Significance
Proteins destined for secretion from cells enter the secretory pathway in coat protein complex II (COPII)-coated vesicles budding from the endoplasmic reticulum (ER). Most cargo proteins are small and exit the ER in 60-nm vesicles. However, some secretory cargos are too large to enter such carriers; in particular, the procollagen precursor of the extracellular matrix exits the ER as a 300-to 400-nm fibril. Recent research suggests that procollagen may be packaged into large COPII-coated tubules, guided by the receptor molecule TANGO1/cTAGE5. We show that each TANGO1/cTAGE5 receptor protein has a multiplicity of binding sites to recruit and concentrate COPII proteins. We propose the model that TANGO1/cTAGE5 instructs the COPII coat to form large tubular carriers.
Results
Interaction of TANGO1 and cTAGE5 with COPII Proteins. Interactions between TANGO1/cTAGE5 and the COPII inner coat protein Sec23/24 were identified by yeast two-hybrid analysis in two published studies; the homologous proline-rich domains (PRDs) of TANGO1 and cTAGE5 were both shown to interact with human Sec23a (9, 10) . The PRD of TANGO1 is also required for ER exit site localization, presumably by virtue of its interaction with Sec23/24 (9) . The schematic in Fig. 1A indicates the position of the PRD at the C terminus of the TANGO1 and cTAGE5 polypeptides.
To map the Sec23/24 binding site to a circumscribed region of TANGO1, we prepared a series of polypeptides (Fig. 1A , Lower) and tested these for binding to purified Sec23 and Sec24 proteins (Materials and Methods). TANGO1 polypeptides, expressed as C-terminal fusions to maltose binding protein (MBP), were immobilized on amylose resin beads and probed for binding to human Sec23a. Sec23a bound to a construct encompassing the entire PRD plus coiled coil 2 of TANGO1, residues 1444-1907 (Fig. 1B, lane 3) . No appreciable binding was observed between Sec23a and MBP alone (lane 2). The affinity for Sec23 was contained in the C-terminal half of the TANGO1 PRD (lane 5), and no significant binding was observed to the N-terminal half (lane 4). We repeated this analysis with cTAGE5 ( Fig. 1C) , and found that cTAGE5 residues 651-804 bound to Sec23a (Fig. 1C , lane 4), as did shorter cTAGE5 fragments (lanes 5 and 6). These data are consistent with two-hybrid interactions reported (9, 10) . In addition to Sec23a, the paralog Sec23b bound to TANGO1 and cTAGE5 (Fig. 1D ). Finally, we tested for interactions with the inner coat protein Sec24c; neither TANGO1 nor cTAGE5 PRD bound to Sec24c, because binding was at background levels ( Fig. 1E ). This finding contrasts with experiments that reported a two-hybrid interaction with Sec24c, albeit significantly weaker than Sec23a interactions with TANGO1 and cTAGE5 (10) . Taken together, we suggest that TANGO1/cTAGE5 interacts specifically with the Sec23 component of the COPII inner coat complex.
Next, we tested the series of short TANGO1 polypeptides ( Fig.  1A) to pinpoint the interaction with Sec23a and to define a complex for crystallographic analysis. The tight-binding TANGO1 construct 1751-1907 was used as a starting point (Fig. 1B, lane 5) . N-terminal truncation of this construct reduced binding to Sec23a (Fig. 1B , compare, for example, lanes 7 and 8), in particular beyond residue 1780 (compare lanes 10 and 12). Likewise, C-terminal truncations also reduced binding (Fig. 1B , compare, for example, lanes 6 and 12). Because the TANGO1 PRD is an intrinsically disordered polypeptide, a clear cutoff effect might not be expected from these experiments; nevertheless, it was puzzling to find that affinity for Sec23a depends on TANGO1 residues that are dispersed along 157 residues of polypeptide.
The biochemical analysis indicated that TANGO1 residues 1780-1840 retained appreciable binding to Sec23a (Fig. 1B, lane 11) , albeit weaker than longer forms, so we chose this polypeptide for a crystallographic analysis of the complex with Sec23.
Molecular Recognition of TANGO1 by Sec23. The complex comprising full-length human Sec23a and TANGO1 residues 1780-1840 was cocrystallized, and the structure was determined and refined to 2.6 Å resolution (Table S1 ). Despite the fact that 61 residues of TANGO1 are present in the crystals, difference electron density reveals just a three-residue peptide element bound to a site on the gelsolin-like domain of Sec23a ( Fig. 2 A and B) [Sec23 domain nomenclature was defined previously (18)]. The tripeptide can be best modeled as three proline residues in the polyproline type II (PPII) helical conformation. The central proline in particular is positioned between Sec23a residues Trp667 and Tyr678 (Fig. S1 , Left). Indeed, the entire binding site is formed from aromatic residues, and a striking similarity is observed with the polyprolinebinding sites of evolutionarily unrelated domains. Fig. S1 compares Sec23 to the SH3 and GYF domains (WW and EVH1 domains offer additional examples). The domain topologies are unrelated, but all of the polyproline-binding sites are formed from aromatic residues positioned to form a series of ridges and grooves that accommodate the multiple proline side chains (19, 20) .
The unexpected crystallographic result of a minimal PPP sequence of TANGO1 bound to Sec23a suggests a model of TANGO1 binding to Sec23 via a 3-aa motif that repeats through the PRD, thus providing a plausible explanation for our inability to pinpoint the binding sequence of TANGO1 in biochemical experiments: Seven copies of the PPP motif are present in the human TANGO1 PRD (cTAGE5 PRD contains five PPP motifs), and the crystallized fragment of TANGO1 (1780-1840) has three PPP motifs (Fig. 1A) . However, the crystallographic result does not definitively assign the binding motif as being uniquely PPP, because the electron density is almost certainly a composite of multiple proline-rich tripeptide sequences from TANGO1 residues 1780-1840 and may include XPP or PPX sequences. Thus, we proceeded to test the preference of Sec23 for PPP and related motifs, and also to verify that the gelsolin-like domain is the binding site for TANGO1.
Individual PPP Motifs Bind to Sec23. To confirm that TANGO1 binds to the gelsolin-like domain of Sec23, we generated two Sec23a mutants (a double mutant Y672K/Y678A and a double mutant F628A/F681A), thus altering key aromatic residues (Fig. S1 , Left). Consistent with the crystallographic observation, both mutants showed impaired ability to bind TANGO1 (Fig. 3 A and B) . The tyrosine double-mutant Sec23a lost rather more affinity, possibly because of the critical role of residue Tyr678 in sandwiching the central proline residue of PPP (Fig. S1 ).
Next, we tested the binding of individual PPP motifs to Sec23a. A single PPP motif binds to Sec23 too weakly to measure by using conventional methods (e.g., isothermal calorimetry), because the binding signal cannot be distinguished from background with confidence. Our solution to this problem was to use crystallography to provide spatial information that confirms specific binding. We grew a crystal form of Sec23a/24d (described in ref. 21 ) in which the gelsolin-binding domain is unobstructed by crystal contacts, so that short proline-rich peptides could be soaked into, and equilibrated with, the binding site. Residual electron density at the gelsolin-binding domain was then assessed for evidence of specific binding. Four TANGO1 peptides, 8-10 residues in length, were synthesized. The sequences are partially overlapping (encompassing TANGO1 residues 1790-1816) and were chosen such that two peptides contain a PPP motif, one peptide has a PP motif, and the final peptide contains only three isolated proline residues (Fig. 3 D-G) . Peptides were soaked at high concentrations (6 mM) into crystals of Sec23a/24d. The crystals diffract to only medium resolution (3.2-3.5 Å) (Table S1 ); nevertheless, specific binding could be established straightforwardly by the appearance of residual electron density. TANGO1 peptides GPRPLPPP and LPPPFGPGM ( Fig. 3 E and F) show clear binding to Sec23a (compare the electron density with the location of TANGO1 PPP in Fig. 3C , which is oriented similarly). By contrast, TANGO1 peptides lacking the PPP motif-QLCGPFGPRP and GMRPPLGLRE in Fig. 3 D and Gdo not bind to Sec23a.
These data indicate that TANGO1 binds to the gelsolin-like domain of Sec23a via a PPP motif that repeats through the TANGO1 and cTAGE5 cytosolic regions. In Fig. 2C , we summarize these findings in a composite atomic model to indicate the location of the bound PPP motif on the COPII inner coat complex, near to Sar1-GTP and in proximity to the "active fragment" (the Sec23•Sar1-binding element) of Sec31.
Repeated PPP Motifs in TANGO1 and cTAGE5. A region of the TANGO1 PRD containing seven PPP motifs, residues 1751-1907, seems to be responsible for all of the Sec23a-binding affinity, and forms of this polypeptide lacking the full complement of motifs bind less Sec23a (Fig. 1B) . These results conform to our model of TANGO1 binding to Sec23 through an array of distributed PPP motifs; however, the experiment involves TANGO1 constructs of diverse sizes and compositions, so binding cannot easily be compared quantitatively. We measured, on a more systematic basis, how changes in the number of PPP repeats affect binding of TANGO1, using a series of TANGO1 polypeptides (residues 1751-1907) in which sets of proline residues were mutated sequentially to glycine or serine ( Fig. S2 ; see Fig. S3 for sequences of the mutants, named M1 to M6).
A form of TANGO1 1751-1907 with all 46 of its proline residues mutated retains only residual affinity for Sec23a (mutant M6 in Fig. S2 ). Weak binding is observed between Sec23a and TANGO1 mutant M5, which has just two PPP motifs. Inclusion of an additional repeat (mutant M4 with three PPP motifs) increases binding further; each addition of PPP motifs increments the binding to Sec23a. These results show a clear correlation between the number of PPP repeats and the amount of Sec23a bound. 
PPP Motifs in the Sec31
Outer Coat Protein Bind to Sec23. The COPII outer coat protein Sec31 contains an intrinsically disordered PRD that includes the active fragment for binding Sec23•Sar1 (22) . Besides the repeated PPP motifs in TANGO1 and cTAGE5, we also noted the presence of conserved PPP motifs in this strategically important region of the Sec31 polypeptide. Specifically, in human Sec31a, PPP motifs are located at residues 838 PPPP 841 and 944 PPPP 947 ; the active fragment is located at residues 980-1015.
To test whether PPP motifs on Sec31 can bind to the gelsolin-like domain of Sec23, we generated a form of human Sec31a containing both PPP motifs plus the active fragment (in total, residues 835-1026), and expressed this as a C-terminal fusion to maltose-binding protein. Sec31a bound to Sec23a (Fig. 4A, lane 7) ; binding is weak because Sec31a has only two PPP motifs (compare, for example, with mutant M5 in Fig. S2 ). Importantly, Sec31a did not bind the Sec23a mutants Y672K/Y678A or F628A/F681A, establishing that the interaction was via the gelsolin-like domain (Fig. 4 A and B) . The background binding to the tyrosine double mutant Sec23a was low, in concordance with the binding behavior of the two mutants toward TANGO1 (compare Fig. 4B with Fig. 3B) .
It is important to note that, in this experiment, there is no evidence for Sec31a binding to Sec23a via the active fragment; this interaction depends on the presence of GTP-bound Sar1 (22) . We verified this point by testing the binding of Sec31a (residues 835-1026) to Sec23a in the presence of Sar1 complexed with the nonhydrolyzable GTP analog GppNHp (we used soluble human Sar1a, residues , lacking the N-terminal membrane anchor). Indeed, the interaction highly depended on Sar1-GppNHp, which increased ∼fivefold the quantity of Sec23a bound to Sec31a (Fig. 4C, lanes 5 and 6) . By contrast, binding of Sec23a to TANGO1 is independent of Sar1-GppNHp (lanes 7 and 8). Note that Sec23a binding to TANGO1 is appreciable in this experiment because we used construct 1751-1907 containing seven PPP motifs, whereas the Sec31 polypeptide has just two PPP motifs. If we adopt the data in Fig. S2 as a metric, it is clear that the interaction of Sec31a with Sec23a•Sar1 is significantly tighter than the binding of a single PPP motif to Sec23a.
Finally, we tested whether Sec31 can compete with a TANGO1 polypeptide for binding to Sec23 in vitro (Fig. S4) . A TANGO1 polypeptide containing three PPP motifs (residues 1800-1907, fused to MBP) was immobilized on amylose resin beads and probed for binding to Sec23a in the presence (Fig. S4, lane 9) and absence (lane 8) of Sec31a (residues 835-1026) (SI Materials and Methods). A twofold molar excess of Sec31a relative to Sec23a is sufficient to markedly reduce the binding of Sec23a to TANGO1. Note the reduction in binding of both the Sar1-GppNHp and Sec23a proteins. The data support our model of a competition between the TANGO1 and Sec31 polypeptides for binding to Sec23.
These results, regarding Sec31 interaction with Sec23•Sar1, are summarized in the composite molecular model in Fig. 4D .
Discussion
In this study, we have characterized the association between COPII coat proteins and the TANGO1/cTAGE5 receptor for procollagen packaging. We report that an unexpectedly short PPP motif in the TANGO1 polypeptide binds to Sec23a, and that TANGO1 and cTAGE5 contain repeated PPP motifs distributed across their flexible cytosolic PRD regions. This unusual arrangement may enable TANGO1/cTAGE5 to engage multiple copies of Sec23/24•Sar1 at ER exit sites, leading to the speculative model that the role of the receptor is to propagate the COPII inner coat lattice of a growing tubular carrier.
Architecture of the COPII Inner Coat Complex. The picture in Fig. 2C is a view toward the membrane-distal surface of the inner coat complex, to which the PPP motif and the Sec31 active fragment bind. The gelsolin-like domain of Sec23 extends radially away from the membrane, such that the PPP motif will reside ∼45 Å from the Fig. 3 . Examination of the TANGO1-binding site on Sec23a, and of the Sec23-binding motif on TANGO1. (A) Mutations to Sec23a were introduced into the binding site defined crystallographically, and these are found to substantially reduce binding to TANGO1 PRD residues 1751-1907. Two mutants of Sec23a were tested, both double mutants (Y672K/ Y678A and F628A/F681A); the location of these residues is shown in Fig. S1. (B) The reduction in binding to TANGO1 caused by mutation of Sec23a was quantified by densitometry of bands in A. (C) All-atom representation of the Sec23a/24d crystal structure with bound TANGO PPP peptide (peptide sequence GPRPLPPP) (Table S1) bilayer surface (estimated from the tomography images presented in ref. 17) .
The observation that TANGO1 and Sec31 both contain a PRD led to the suggestion that TANGO1 may mimic the binding mode of the Sec31 active fragment and, thereby, stall Sec13/31-catalyzed GTP hydrolysis on Sar1 (9) . Although our data indicate interplay between the protein molecules (Fig. 4 A-C) , the TANGO1 PPP motif clearly binds to a unique site on Sec23a. The idea that rapid GTP hydrolysis will mediate against assembly of large COPII coats is countered by the alternative model that Sec12 (ER-localized Sar1 nucleotide exchange factor) activity maintains sufficient steady-state levels of Sar1-GTP, and that the COPII coat remains stably bound to membrane regardless of dynamic Sar1 cycling (23, 24) .
A Consideration of COPII Lattice Adaptability. Structural studies have established that the adaptability of the COPII coat (i.e., the capacity to adopt vesicular and tubular forms) depends on two molecular features: variable angles at the vertex, and centrally along the edge, of the Sec13/31 cage; and a flexible (unstructured) polypeptide connection between the inner and outer coat proteins (17, 22, 25) . The variable angles enable the Sec13/31 assembly unit to adapt to cages of different curvature (in two dimensions), and the flexible link between Sec23/24•Sar1 and Sec13/31 allows for variation in the geometric relationship between the inner and outer coat proteins (17) .
Implications for the Role of TANGO1/cTAGE5 in COPII Coat Assembly.
Through these mechanisms the COPII coat is inherently adaptable, but what switches coat assembly from small spherical vesicles to large tubular carriers? The essential difference between the COPII coat on vesicles and tubules is the helical lattice of Sec23/24•Sar1 observed on the latter, which self-assembles to a close-packed structure, to yield a coat that contains supernumerary inner complexes (i.e., the stoichiometry of the coat layers is 2:1 of Sec23/24:Sec13/31, such that only half of all of the Sec23/24 proteins bind a Sec13/31 partner). The helical symmetry is incompatible with an isometric structure, thus the Sec23/ 24•Sar1 array is absent from COPII-coated vesicles, which have a more open and random arrangement of inner coat protein (17) . In view of this finding, we propose that TANGO1/cTAGE5 stimulates the growth of COPII-coated tubules by promoting the addition of assembly units to the helical Sec23/24•Sar1 array (Fig. 4E) . The repeat distance between gelsolin-like domains on a COPII-coated tubule (78 Å along the helical lattice line) (see, for example, ref. 17) and the distances between PPP motifs in the PRDs would allow TANGO1 and cTAGE5 to bridge as many as four copies of Sec23/24•Sar1 (Fig. 4E) . Although TANGO1/ cTAGE5 PRD sequences are rather divergent across species, the high proline content and the PPP motifs are present throughout (note that we cannot rule out the possibility that XPP or PPX are binding motifs, where X is a residue that favors the PPII helical conformation, such as glycine or alanine). According to our model, the arrangement of multiple weak-binding motifs spread In actuality, TANGO1 has seven PPP motifs and cTAGE5 five PPP motifs, but the spacing of motifs suggests that both proteins could bind to four copies of Sec23/24•Sar1 in array. This assumes a general PPII helical character for the bound PRD regions, induced by the ∼30% proline content.
across the inherently flexible PRDs will allow the two arms of TANGO1/cTAGE5 to be mobile and easily displaced from individual binding sites on Sec23/24•Sar1, enabling the receptor to adopt multiple binding modes and alternately stabilize the Sec23/ 24•Sar1 lattice and capture additional Sec23/24•Sar1 assembly units (Fig. 4E) .
The model that we have proposed has significant parallel with the mechanism of action of tau protein on the microtubule helical lattice. Four repeated binding motifs in tau are separated by flexible linker sequences, and the binding of tau to multiple tubulin units stabilizes and enhances microtubule lattice polymerization without impeding microtubule dynamics (26, 27) .
Stepwise COPII Coat Assembly and Compartmentation of TANGO1/ cTAGE5 to the ER Membrane. Puzzlingly, TANGO1 does not depart with cargo in the COPII-coated carrier (9) . The finding that PPP motifs are present in Sec31 suggests that the recruitment of the Sec13/31 outer coat could displace TANGO1/cTAGE5 and confine it the ER membrane at the base of the growing tubule. COPII-coat assembly on membranes occurs stepwise-Sar1-GTP recruits Sec23/24, which recruits Sec13/31-because the binding site for Sec31 comprises a composite surface of the Sec23 and Sar1-GTP molecules (1, 22) (Fig. 4C, lanes 5 and 6) . Thus, the compartmentation of TANGO1/cTAGE5 to the base of the growing tubule may be a spatial consequence of the stepwise assembly process.
Finally, the model we have proposed for TANGO1/cTAGE5 function envisages two self-assembly reactions competing to influence the shape of the COPII carrier: Sec23/24•Sar1 lattice formation to propagate the tubule, and Sec13/31 lattice formation to impose an isometric cage or to terminate a tubule. Accordingly, TANGO1/cTAGE5 would bias coat assembly toward tubulation by increasing the local concentration of Sec23/ 24•Sar1 assembly units, and stabilizing the lattice, at the base of the tubule (Fig. 4E) . Likewise, other protein factors could influence the shape of the forming COPII carrier by regulating the availability of inner or outer COPII proteins at ER exit sites. Candidates for such a function include the Sedlin component of the TRAPP complex (28) , the ubiquitin ligase CUL3-KLHL12 (29) , and Ca 2+ /ALG-2 (30, 31) , which binds to a site on Sec31 PRD that includes one of the two PPP motifs, residues 838 PPP 841 (32) . The biochemical analysis and the mechanism that we have presented for TANGO1/cTAGE5 interplay with COPII should provide a basis on which to further explore the role of these protein factors in ER-to-Golgi transport.
Materials and Methods
Protein and Production and X-Ray Crystallography. COPII coat proteins were expressed in baculovirus-infected insect cells. Sar1, TANGO1, and Sec31 polypeptides were overproduced in Escherichia coli. Proteins were purified by affinity and size-exclusion chromatography. Crystals of Sec23a bound to TANGO1 (residues 1780-1840) were obtained by vapor diffusion using a crystallization solution comprising 100 mM Hepes pH 7.5, 6% (vol/vol) isopropanol, and 300 mM sodium citrate. The crystal structure was determined by molecular replacement and refined to 2.6 Å resolution. Details are provided in SI Materials and Methods.
Other Methods. Binding experiments are described in SI Materials and Methods.
